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Abstract
Cu2OSeO3 is known as a unique example of insulating multiferroic compounds with skyrmion
spin texture, which is characterized by the chiral cubic crystal structure at ambient pressure.
Recently, it has been reported that this compound shows pressure-induced structural transition
with large enhancement of magnetic ordering temperature. In the present study, we have inves-
tigated the detailed crystal structure in the high pressure phase, by combining the synchrotron
X-ray diffraction experiment with the diamond anvil cell and the analysis based on the genetic
algorithm. Our resuts suggest that the original pyrochlore Cu network is sustained even after the
structural transition, while the orientation of SeO3 molecule as well as the position of oxygen in
the middle of Cu tetrahedra are significantly modified. The latter features may be the key for the
reported enhancement of Tc and associated stabilization of skyrmion phase at room temperature.
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Magnetic skyrmion, i.e. a nanometric vortex-like swirling spin texture with topologically
stable particle nature, has recently attracted much attention (Fig. 1(c))[1–5]. In metallic
systems, the interaction between conduction electrons and skyrmion spin texture enables
the the unique manner of skyrmion manipulation by electric current[6–10]. Because of
its particle-like character, small size and electric controllability, magnetic skyrmion is now
intensively studied as a candidate of high-density information carrier for next generation of
magnetic information storage and processing devices[4, 11, 12].
Previously, the observation of magnetic skyrmions has mostly been reported for the non-
centrosymmetric systems, where Dzyaloshinskii-Moriya (DM) interaction plays a key role
on the stabilization of skyrmion spin texture[1, 2, 5, 13]. The DM interaction usually fa-
vors the helical magnetic order as the ground state (Fig. 1(b)), while the application of
magnetic field B induces the formation of the triangular lattice of skyrmions (Fig. 1(c)).
The magnetic moment at the core (edge) of each skyrmion is aligned antiparallel (parallel)
to external magnetic field, and the in-plane component of magnetic moments show various
swirling spin texture depending on the symmetry of underlying crystal lattice[1, 2, 13–16].
So far, the most of skyrmion-hosting materials are reported to be metallic, while the
electric-current-induced manipulation of skyrmions in such systems always causes the en-
ergy loss by the Joule heating. One potential solution is the employment of multiferroics,
i.e. the insulating materials with both magnetic and dielectric orders. Our target compound
Cu2OSeO3 is the first example of insulating materials to host magnetic skyrmions[13], which
is characterized by the chiral cubic crystal structure with space group P213 at the ambient
pressure (Fig. 1a)[17, 18]. In this compound, the skyrmion spin texture can magneti-
cally induce electric polarization, through the symmetry reduction of charge distribution
mediated by the spin-orbit interaction[13, 19–21]. By utilizing such a strong coupling be-
tween the skyrmion spin texture and electric polarization, the electric-field-induced creation,
annihilation[22], and motion[23, 24] of skyrmions have successfully been demonstrated, which
paves the way to the efficient skyrmion manipulation in insulators without Joule heat loss.
At this stage, the magnetic ordering temperature Tc of such skyrmion-hosting multifer-
roics is relatively low (Tc ∼ 58 K for Cu2OSeO3), and the further enhancement of their Tc
is highly demanded. Very recently, it has been reported that the application of hydrostatic
pressure on Cu2OSeO3 leads to the structural phase transition with dramatic enhancement
of Tc, where the stabilization of skyrmions at room temperature has been proposed[25].
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However, the detailed crystal structure in the high pressure phase, as well as the origin of
the reported enhancement of Tc, remains yet to be resolved.
In this work, we studied the detailed crystal structure in the high pressure phase of
Cu2OSeO3, through the synchrotron X-ray diffraction experiment with the diamond anvil
cell and the associated analysis based on the genetic algorithm. Our results suggest that the
original pyrochlore Cu network is sustained even after the structural transition, while the
orientation of SeO3 molecule as well as the position of oxygen in the middle of Cu tetrahedra
are significantly modified. The latter features may be the key for the reported enhancement
of Tc and associated stabilization of skyrmion phase at room temperature.
The powder and single crystals of Cu2OSeO3 were prepared as described elsewhere[26].
The high pressure X-ray powder diffraction profiles were measured with the diamond anvil
cell. The culet size of the anvils was 1.0 mm and the diameter of stainless steel gasket
hole was approximately 500 µm. The sample and several ruby small crystals with 2-3 µm
size, whose fluorescence spectra allows the accurate evaluation of pressure amplitude, were
loaded in the hole sealed with 4:1 methanol-ethanol solution as the pressure medium. This
pressure medium can avoid the solidification at least up to 11 GPa (in contrast with the
silicon oil used in Ref. [25] that gradually solidifies above 3 GPa and causes inhomogeneous
pressure distribution)[27], which suppresses the broadening of diffraction peaks and enables
the detailed structural analysis. The ac magnetic susceptibility was measured with the
cubic-anvil-type hydrostatic pressure cryostat.
Figure 2(a) indicates the temperature dependence of ac magnetic susceptibility χ′ for
Cu2OSeO3, measured under zero magnetic field with various amplitude of hydrostatic pres-
sure P . The χ′ profile shows a clear peak structure at Tc ∼ 60 K for 0.5 GPa, and the
peak gradually shifts toward the higher temperature by increasing P . Above 8 GPa, the
χ′ peak structure suddenly disappears from the measured temperature range, which sug-
gests the emergence of structural phase transition and associated large enhancement of Tc
as previously reported[25, 28, 29].
To investigate the pressure dependence of crystal structure, we have performed the syn-
chrotron X-ray diffraction experiment at SPring-8 BL02B1 beamline with the diamond anvil
cell. The wavelength of incident X-ray was 0.42734 A˚with 150 µm φ beamsize. Figures 2(b)
and (c) indicate the powder diffraction profiles measured at 2.7 GPa and 10.3 GPa, respec-
tively. The former profile is well reproduced by the structure at the ambient pressure (Fig.
3
2(b)). We observed the discontinuous change of powder diffraction pattern above 8 GPa as
shown in Fig. 2(c). The latter high pressure phase is confirmed to be stable at least up
to 11.3 GPa, which is the maximum pressure of the present experimental condition. Sharp
distinct Bragg peaks in the high angle region of 2θ > 15◦ (i.e. d < 1.5 A˚) were recognized
in Fig 2(c). These were crucial for following structural analysis.
Since the original crystal unit cell of Cu2OSeO3 at the ambient pressure (Fig. 1(a)) con-
tains 56 atoms[18], the structural analysis based on the powder diffraction pattern under
the high pressure is challenging. To identify the reasonable structural model to reproduce
the observed diffraction pattern, we performed the analysis based on the genetic algorithm
(GA) [30], in which several basic molecular structural unit is assumed and their relative
orientations and positions are explored as the fitting parameter. This approach has been
particularly successful in the structural analysis of organic compounds, and the present
Cu2OSeO3 containing the rigid SeO3 molecule with sp
3 orbital can be an appropriate tar-
get. There are independent four SeO3 molecules, eight Cu atoms and four oxygen atoms
in the crystallographic asymmetric unit. The number of degrees of freedom in one SeO3
molecule is 6, including three positional parameters and three orientation parameters. Each
isolated atom is characterized by three positional parameters. Therefore, the total number
of degrees of freedom became 59, because one positoinal parameter must be fixed in the
case of a noncentrosymmetric space group. After the search of the candidate structure by
the genetic algorithm, the additional rigid-body Rietveld analysis[31] with bond length and
angle restraints has been performed to refine the structural parameter. Finally, we obtained
the atomic coordinates with the reliability factor Rwp = 1.58% and RI = 5.31% as summa-
rized in Table 1 with the monoclinic space group P21. Similar Rietveld analysis has also
been performed for various P , and we obtained the pressure dependence of lattice constants
and volume of crystallographic unit cell as shown in Figs. 1(e) and (f). As the pressure
increases, the unit cell volume linearly decreases and then shows a discontinuous drop at
the structural phase transition. During this process, the number of atoms in the unit cell
remains unchanged.
Figures 3(a) and (b) indicate the position of Cu2+ (S = 1/2) magnetic ions and SeO3
molecules before and after the structural phase transition, respectively (Some oxygen atoms
are not shown for clarity. The Cu frameworks viewed from the [010] direction are also
indicated in Figs. 4(b) and (d)). In the original Cu2OSeO3 structure, Cu sites form a
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distorted pyrochlore lattice, which consists of the corner-shared Cu tetrahedra and large
vacancy among them. We found that this Cu-pyrochlore framework is retained even in the
high pressure phase, while its buckling manner is considerably modified (Figs. 4(b) and (d)).
Here, the vacancy space is filled by the SeO3 molecule. The shrinkage of vacancy volume
leads to the tilting of SeO3 orientation, which breaks the three-fold rotational symmetry in
the system.
In the following, we discuss the origin of magnetic order and its pressure-induced modifi-
cation in Cu2OSeO3. The original Cu2OSeO3 structure contains two distinctive Cu
2+ sites
surrounded by either a trigonal bipyramid or square pyramid of oxygen ligands (i.e. Cu1
and Cu2 sites, respectively) with the ratio of 1:3 (Fig. 1(a)). Here, the super-exchange
interaction between the Cu1 and Cu2 is antiferromagnetic but the one between Cu2 ions is
ferromagnetic, which stabilizes the three-up one-down type local ferrimagnetic order[20, 32].
According to the previous calculation based on the density functional theory (DFT), a hole
exists in the dz2 and dx2−y2 orbitals for the Cu1 and Cu2 ions, respectively, and the sign of
super-exchange interactions can be explained by the Kanamori-Goodenough rule with the
Cu-O-Cu bonding angle close to 90 degree[21]. Here, the most important change upon the
structural transition is the shift of the oxygen atom position, that was originally located at
the center of Cu-tetrahedra (Fig. 4(a)). In the high pressure phase, one of the four Cu-O
bonds is broken and the oxygen moves to the middle of a triangular Cu plaquette as shown
in Fig. 4(c). Such an oxygen position shift within the Cu tetrahedron, as well as the tilting
of SeO3 molecule whose oxygen atoms also contribute to the Cu-O-Cu super-exchange path
(Fig. 3(b)), modifies the manner of crystal field splitting and associated orbital hybridization
for each Cu-O-Cu bond, which would result in the dramatic change of magnetic interactions.
Note that the original green transparent color of the sample (mainly reflecting the absorption
by crystal field excitation[33]) turns into the black opaque upon the structural transition
(Figs. 2(b) and (c)), which also supports the modification of orbital character in Cu sites.
Because of the complicated crystal structure in the high pressure phase, the quantitative
evaluation of exchange amplitude J for each path is not straightforward. In general, the
largest magnitude of J is obtained when transfer integral for the super-exchange path is
maximized, and we naively expect that such a situation probably emerges here. To fully
clarify the origin of reported enhancement of Tc and skyrmion formation at room temprature,
further DFT calculation based on the proposed crystal structure would be helpful.
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In summary, we investigated the detailed crystal structure for the high pressure phase
of skyrmion-hosting multiferroic Cu2OSeO3. Our analysis suggests that the tilting of SeO3
molecule, as well as the modification of oxygen position within the Cu tetrahedra, are
the main features of the pressure-induced structural transition. The present results set a
fundamental basis for better understanding of the magnetism in the high pressure phase,
and may contribute to the further development of the general strategy to realize multiferroic
skyrmions at room temperature.
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FIG. 1: (color online). (a) Crystal structure of Cu2OSeO3 at ambient pressure. (b) and (c)
Schematic illustration of helical and skyrmion spin texture, respectively. (d)-(f) Pressure depen-
dence of magnetic ordering temperature Tc, lattice constants and volume of crystallographic unit
cell, respectively. In (f), the red solid line represents a linear fitting result for the data points in the
P213 phase, which is extended into the P21 phase as the red dashed line. The data points in the
latter phase show considerable deviation from this line, suggesting the further suppression of unit
cell volume upon the structural phase transition. Note that the existence of intermediate phase
with space group P212121 has also been suggested for the narrow P -region between the P213 and
P21 phases in Ref. [25], while this phase was not identified in the present experiments possibly
due to the limited number of pressure data points.
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FIG. 2: (color online). (a) Temperature dependence of ac magnetic susceptibility χ′, measured
for the Cu2OSeO3 single crystal under zero magnetic field with various amplitude of hydrostatic
pressure P . (b) and (c) Fitting results of Rietveld refinements for synchrotron X-ray powder
diffraction data at (b) 2.7 GPa and (c)10.3 GPa, i.e. before and after the structural phase transition.
Here, blue line, red + symbol, light blue line, and green line represent the experimental profile, the
fitted profile, the background profile, and the deviation between the experimental and fitted ones,
respectively. The * symbol indicates the peak from steal gasket. The measurement was performed
at room temperature. The optical microscope image of the sample taken at each condition is also
indicated.
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FIG. 3: (color online). The network of Cu ions and SeO3 molecules at (a) ambient pressure and
(b) 10.3 GPa (i.e. the high pressure phase). Other oxygen atoms are not shown here for clarity.
Orange, blue, green and pink balls represent the Cu1, Cu2, Se and O atoms, respectively.
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FIG. 4: (color online). (a) A pair of corner-shared Cu tetrahedra with the oxygen atoms located
at their center and (b) the network of Cu ions viewed from the [010] direction, which are deduced
from the structural analysis at ambient pressure. (c) and (d) The corresponding ones for P = 10.3
GPa (i.e. the high pressure phase). The color of triangular plaquette in (d) is common with the
one in (c).
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TABLE I: Atomic coordinates of Cu2OSeO3 at 10.3 GPa, which is characterized by the monoclinic
space group P21 with lattice constants a=7.987(2)A˚, b=9.214(2)A˚, c=8.416(2)A˚and β=92.79(1)
◦.
site x y z
Se11 -0.22072 0.71354 0.55357
Se12 0.24609 0.77457 -0.00505
Se21 0.51611 0.94958 0.25412
Se22 0.02207 0.55026 0.20258
Cu11 -0.12454 0.85879 0.17283
Cu12 0.36539 0.63550 0.36025
Cu21 -0.10356 0.62461 0.88334
Cu22 -0.33948 0.87528 0.88710
Cu23 0.61996 0.63833 0.13453
Cu24 0.13201 0.65734 0.64996
Cu25 -0.14111 0.39966 0.59562
Cu26 -0.44802 0.37754 0.32787
O11 -0.02562 1.00764 0.26310
O12 0.55591 0.55314 0.32849
O21 -0.01885 0.74687 0.54087
O22 -0.23087 0.53680 0.52306
O23 -0.24531 0.72596 0.74661
O24 0.38624 0.65268 0.05586
O25 0.33637 0.92839 0.05198
O26 0.26723 0.77650 -0.19908
O31 -0.19316 0.79565 -0.05429
O32 0.17319 0.75362 0.46386
O41 0.54470 0.77658 0.29676
O42 0.52574 0.51164 0.56858
O43 0.71269 1.00208 0.24616
O44 0.01704 0.72671 0.17187
O45 0.15378 0.50186 0.06769
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O46 0.14829 0.54426 0.36320
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